The investigation of contaminated areas in fractured aquifers represents a great technical challenge, due to the frequent conditions of heterogeneity and anisotropy of these environments, which often make it difficult to identify and predict pathways of subsurface contamination. This work aims to contribute to the development of this subject, through the presentation of the results of an investigation in which geophysical logging tools and straddle packers were used, which allowed the development of a more suitable hydrogeological conceptual model of the study area. Two boreholes were drilled and geophysical logging (gamma, caliper and high resolution acoustic televiewer) were used for the geological-structural characterization of the aquifer. Heatpulse flowmeter and straddle packers were then used to obtain data on hydraulic potentials and flows and for the collection of discrete water samples for chemical analysis. Two types of gneiss rocks were identified below the weathering zone (thickness >30 m), one with predominance of mafic bands, more weathered and with a higher fracture density, up to 65 m, and another deeper one, with the predominance of felsic bands. Seven groups of fractures were defined, being those of Group 1, with low dip angles, the most frequent and important for flow until 65 m, and Group 2 (N to NE-SW with high dips to W and NW) more frequent in deeper felsic gneisses. Downward hydraulic potentials were identified down to 65 m and upward potentials from the bottom up to 65 m. A hydraulic test allowed identifying the occurrence of hydraulic connection between the shallow weathering zone and the underlying fractured aquifer.
Introduction
In situations of aquifer contamination, some fundamental questions that need to be addressed for the proper management of the environmental problem are:
where is groundwater moving to? what are their velocities and flow rates? how are the contaminants being transported? The answers to these questions are usually obtained through the consolidation of geology, hydrogeology and contamination information and represented in a conceptual model of the contamination of the area of environmental interest.
Although all terrains exhibit particular geological complexities, cases of contamination of fractured aquifers, especially when contaminants are chlorinated organic compounds, represent even greater challenges for the definition of the conceptual model, given its generally high heterogeneity and anisotropy, which provide high complexity and many uncertainties in defining the paths and rates of the groundwater flow.
In general, the techniques and approaches used for investigation in fractured aquifers are more complex than those conventionally used for aquifers of primary porosity. Borehole drilling with the recovery of coreholes, associated with the use of different geophysical logging techniques, discrete hydraulic tests with straddle packers and the installation of multi-level monitoring wells of different designs are techniques frequently used in such investigations. The combined use of all these techniques is being developed in recent years through a methodology called Discrete Fracture Network (DFN) [1] [2] . In general, the costs associated with drilling and in-depth investigations, in addition to the complexity, heterogeneity and variability of fracture networks, are some of the factors that make it difficult to thoroughly characterize contamination in fractured aquifers.
This work aims to contribute to the development of the subject through the presentation of the results of an investigation of a contaminated area in a fractured aquifer located in a context of a tropical humid climate, where geophysical logging tools (caliper, natural gamma, high resolution acoustic televiewer and heatpulse flowmeter) and straddle packers have been used in two boreholes to develop a more suitable hydrogeological conceptual model of the site.
The combined analysis of the geophysical logging methods assists in the interpretation of the constructive conditions of the borehole or well, the identification of the types of rocks, stratigraphy and lithological contacts, the characterization of the main groups of fractures, their geometrical properties (position in space, frequency, interconnectivity) and the evaluation of the preferential paths of groundwater and pollutants [3] [4] . The use of these methods began more than 30 years ago [5] [6] and recent studies indicate that they are quite efficient in the study of fractured aquifers [7] [8] [9] . The use of the heatpulse flowmeter helps to define the direction and velocity of vertical component of the water flow in the borehole, which can be used to obtain hydraulic parameters of transmissivity of fractured aquifers [10] [11] [12] . The definition of the hydraulically active zones with the heatpulse flowmeter is of great interest because they determine the discrete depths in which hydraulic tests and the collection of water samples with straddle packers may be performed. The use of straddle packers in fractured aquifer investigations is presented by a series of authors [13] - [18] . The combination of some of the geophysical logging techniques and straddle packers were employed in this work and the results are presented below.
Study Area

Geology and Hydrogeology
The industrial area is located 90 km northwest of the city of São Paulo, southeast
Brazil. Geologically, it is located east of the Paraná Basin, between the Valinhos (ZCV) and Campinas (ZCC) shear zones, in the Itapira Complex [19] , which belongs to the Tocantins Province [20] . The main outcropping rocks in the area are gneisses.
Based on field observations and considering the classification of soils proposed by Vaz [21] , three geological units were locally defined: the first corresponds to a relatively homogeneous and isotropic eluvial soil, composed of a clay-silty material of reddish brown color. Locally, a layer of landfill with sandy portions was also verified on the first horizon. The other two underlying units were classified as weathered bedrock soil and slightly weathered bedrock (gneiss) (Figure 1 ).
The weathered bedrock soil is a soft material resulted from the weathering of the gneiss rocks, being composed of a silt-clayey to a silt-sandy material, with a marked presence of micaceous minerals and quartz crystals. In general, this medium exhibits behavior similar to that of a primary porosity aquifer, but with zones of greater or lesser resistance associated with structures of the parental gneiss rock, which may create preferential flow paths in the water table aquifer.
The water table aquifer is represented by this weathered bedrock soil, where the hydraulic conductivities vary from 1.29E−7 to 4.28E−7 m·s −1 [22] . In this aquifer, no significant differences in hydraulic heads were observed in the vertical direction, especially among the multilevel monitoring wells installed between the depths of 3.8 and 36.9 meters.
The flow direction of the groundwater in the water table aquifer presents a predominant horizontal component to the northeast, towards the stream located at the northern boundary of the industrial unit ( Figure 2 ). In the central portion of the area, the flow presents radial characteristics associated with the topography of the region.
The slightly weathered gneiss rock has a grayish color and a medium to fine grain size. The logs of the boreholes performed in the area and surface geophysical Journal of Water Resource and Protection and Campinas shear zones [23] . In the gneisses and granites east of the ZCV, the most favorable structures exhibit the opposite direction: NW, WNW and NNW.
Environmental Problem
The improper use of chlorinated solvents in the past has led to contamination of the shallow aquifer within the plant. Trace concentrations of chlorinated hydrocarbon compounds were detected in the supply well P6, located about 100 m from the defined source of contamination zones ( Figure 2 ). The site neighborhood had no public water supply system at that time and water supply was exclusively performed by pumping private wells that extracted water from the fractured bedrock aquifer. 
Interpretation of the Structural Data
All the data obtained with the logging activities were inserted and interpreted in For the analysis of the fractures density and spacing, the method developed by
Terzaghi [26] and adapted by Pino [27] was used to adjust the density of fractures intercepted by the borehole. This correction is necessary since the fracture data are affected by the bias of the drilling orientation and the apparent spacing 
Straddle Packers
After the interpretation of the data obtained with the borehole logging activities, water samples were collected from fractures of the crystalline aquifer with the use of straddle packers. This equipment isolates sections of the borehole, allowing the obtainment of water samples at discrete intervals. The packers used consist of two inflatable cylindrical rubbers, coupled to a steel main support rod ( Figure 3 ). The rubbers work as bladders and are inflated to the desired depth with the use of air compressors or gas cylinders, isolating the desired interval.
A low-flow bladder pump was used to conduct the sampling activities, being inserted inside the main support rod, which is hollow and has opening only in the filtering portion between the packers, allowing the water to enter the sealed portion into the pump. In this way, it was possible to carry out the cleaning activities of the pump and exchange hoses between the sampling events, avoiding cross contamination by the sampling equipment. Three sampling points were selected in each borehole.
Sampling activities comprised the following steps: (1) water level measurement; (2) positioning the pump and packers at the desired depth, starting from the bottom of the borehole; (3) filling the straddle packers and waiting for 
Results and Discussion
Borehole Geological Description
The geological logs of the boreholes and the design of the monitoring wells 
Structural Analysis
Based on the HRAT data, the fracture and foliations features were defined and the depth and attitude data (strike and dip) were treated in rose diagrams, histograms and stereograms, helping to define the different groups. In the stereograms, the dubious features were characterized as "Possible Fractures" and represented in blue dots, in order to facilitate the evaluation of their importance and coherence with respect to "Fractures", represented in red and used primarily for the separation of the main groups. Foliation measurements are shown in black. Figure 5 and Figure 6 present the data obtained for PP-01.
More than 30% of the features observed in PP-01, including foliation measurements, present N-S main direction, ranging from N0-25E. The section between 52 and 64 m presents the largest number of fractures. It is recalled that the boreholes are vertical, which makes it difficult to visualize possible existing high angle fractures, whose quantification may be underestimated. Nevertheless, the number of fractures identified parallel to the foliations, with subvertical dips, is significant. It is possible to identify at least five groups of major fractures in PP-01, described below. Structural data obtained for PP-02 are presented in Figure 7 and Figure 8 . 
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Groundwater Sampling Using Straddle Packers
Based on the fractures structural data gathered previously, three discrete intervals in each borehole were selected for collecting groundwater samples, through the use of straddle packers. The selected depths and the results of VOC concentrations are presented in Table 1 .
In the PP-01 borehole, the groundwater sampling was conducted in the upper dark grey gneiss, which is more fractured. The VOCs analysis detected concentrations of the compounds 1, 1DCE, 1, 1DCA, 1, 2DCE and TCE above the A. Fanti et al. environmental standards in PP-01. The compounds PCE and toluene were also detected.
Concentrations of 1, 1DCA, 1, 1DCE, toluene and TCE were detected below standards in the PP-02 borehole. Considering the similarity between the concentrations of the compounds detected and the possibility of water samples represent mixtures of different depths during sampling, due to interconnection between the fractures in PP-02, it was not possible to confirm which of the depths sampled shows the highest concentrations of the contaminants.
Evaluation of Groundwater Hydraulic Potentials and Flow
The During the sampling activities, the hydraulic heads measured between the packers after head stabilization (Table 1) The hydraulic heads measured in the borehole PP-02 above the packers did not change during the pumping for groundwater sampling at each depth, whereas, in the section between the packers, it was possible to observe a subtle variation, indicating a greater efficiency in the isolation of the sampled portion.
The hydraulic heads measured between the packers after head stabilization (Table 1) 
Monitoring Wells and Hydraulic Tests
After the groundwater sampling activities with the straddle packers, monitoring wells were installed at the intervals where the greatest velocity variations measured by the flowmeter and the highest VOC concentrations verified by sampling with the packers were verified. In the monitoring wells, the filter was installed in the depths of 50.8 to 54.8 m in PP-01 and from 35.3 m to 38.3 m in PP-02. In both wells, the rest of the boreholes underneath the filter depths was cemented.
After the well completion, they were developed and then recovery hydraulic tests were conducted in both wells. The analyzed intervals correspond to the permeable zone of the formation where the filters and prefilters were installed.
Data were interpreted using the Hvorslev method [28] . The hydraulic conduc- When comparing the lineament traces that cross the study area with the occurrence of the contaminants observed, it is possible to identify a relationship between the compounds in the groundwater with the monitoring wells located in the same structural region, among the identified lineaments. The contamination observed in P6 is more similar to that observed in Area 2, although it is closer to the plume of Area 1. Thus, it is possible to suppose that the water flow is influenced and controlled by the existing regional structures, which may be draining groundwater regionally.
Hydrogeological Conceptual Model
Conclusions
This work presents the results of the investigations carried out in a fractured aquifer for the improvement of the conceptual model of the contamination by chlorinated solvents in an industrial unit. Unlike investigations of aquifers of primary porosity, the investigations in fractured aquifers involve the application of specific techniques in a sequence of achievements, starting with the geological and surface geophysics, which are the basis for the location of boreholes. In the borehole, geophysical logging procedures are used for the geological and structural characterization of the aquifer rocks. Flowmeter and straddle packers are then used to provide information on the groundwater flow characteristics, measure hydraulic heads, hydraulic properties of fractures and collection of discrete water samples for analysis. These data are then interpreted for the design of monitoring wells. Priority is then given to the long-term monitoring of those fractures that carry a greater mass of the contaminants. In this work, not all the techniques described in the literature were used, like straddle packers for determining transmissivity of fractures, especially due to financial and time restrictions.
However, the greatest possible amount of information of this nature is important for the decision making process for the management of contaminated areas [29] , since they allow to identify if contamination exists in the fractured aquifer, Journal of Water Resource and Protection where it moves to, what are the receptors to be protected, and types of intervention to be applied (e.g. the decision to stop or continue the pumping of neighboring water supply wells to avoid spreading contamination in the aquifer).
It often occurs that the complexity of fracture networks does not allow local data obtained with a single borehole to be extrapolated to the study area as a whole. Thus, the understanding of the path of contamination requires obtaining data from other borehole with the application of the maximum of proposed techniques, including the execution of more complex hydraulic tests, such as those of cross-borehole types. The minimum number of wells required for the execution of a suitable hydrogeological model depends on the importance of the properties and environmental resources to be protected, the existence of human and ecological receptors, the intensity and size of the contamination and the complexity of the geological environment. The evaluation of these variables in each case should be taken into account to define the amount of financial effort necessary to improve the conceptual model of the area of environmental interest.
